DNS data of a laboratory-scale turbulent lifted hydrogen jet flame has been analysed to show that this flame has mixed mode combustion not only at the flame base but also in downstream locations. The mixed mode combustion is observed in instantaneous structures as in earlier studies and in averaged structure, in which the predominant mode is found to be premixed combustion with varying equivalence ratio. The nonpremixed combustion in the averaged structure is observed only in a narrow region at the edge of the jet shear layer. The analyses of flame stretch show large probability for negative flame stretch leading to negative surface averaged flame stretch. The displacement speed-curvature correlation is observed to be negative contributing to the negative flame stretch and partial premixing resulting from jet entrainment acts to reduce the negative correlation. The contribution of turbulent straining to the flame stretch is observed to be negative when the scalar gradient aligns with the most extensive principal strain rate. The physics behind the negative flame stretch resulting from turbulent straining is discussed and elucidated through a simple analysis of the flame surface density transport equation.
Introduction
The occurrence of mixed mode combustion in many practical devices such as stratified charge direct injection engines and lean burn gas turbine combustor is common. In these devices, typically fuel at sufficiently high pressure is injected into the combustion chamber either intermittently or continuously resulting in a lifted flame. The detail of stabilisation mechanism is configuration dependent. However, the mechanisms of turbulence-flame interaction in the downstream part of the stabilisation region is expected to be device independent, especially in the continuous combustion systems. The combustion in these flames will likely to be in both premixed and nonpremixed modes.
Combustion models are required to close the mean reaction rate in ReynoldsAveraged-Navier-Stokes (RANS) calculations and filtered chemical reaction rate in Large Eddy Simulation (LES) of the above devices. The contribution of nonpremixed part to the mixed mode combustion can be included using an appropriate combustion model as has been done in an earlier study (Domingo et al., 2002) . One popular approach to model premixed part is the flame surface density (FSD) based modelling (Pope, 1988; Candel and Poinsot, 1990; Trouvé and Poinsot, 1994; Vervisch et al., 1995) . The balance equation for the FSD, Σ, which is defined as the flame surface area per unit volume, is written as (Veynante and Vervisch, 2002 )
using the usual nomenclature. In this equation the surface average or gradient weighted average of a quantity Q is given by Q s = (Q|c|)|c = c * / |c||c = c * , where c = c * is a given iso-surface. The instantaneous flame stretch rate, Φ, is defined as (Pope, 1988; Candel and Poinsot, 1990; Law, 2006 )
where n i is the component of flame normal unit vector, n ≡ −∇c/|∇c|, in direction i. The flame normal unit vector is pointing towards the reactant side. The flame stretch consists of two components: the tangential strain rate, a T , and a contribution from the joint behaviour of the flame surface displacement speed, S d , and its mean curvature, K m . It is to be noted that the above equations and various quantities involved in them are for a local differential area element in this study rather than for a continuous surface commonly followed while analysing turbulent premixed flames. The instantaneous flame stretch can be positive or negative; a positive value implies that the flame surface area increases due to the combined effects of turbulence and flame propagation and negative stretch suggests that the flame surface is compressed resulting in the loss of flame area per unit volume. Earlier numerical (Rutland and Trouvé, 1993; Bray and Cant, 1991; Chen and Im, 1998) , experimental (Nye et al., 1996; Renou et al., 1998) and modelling (Kostiuk and Bray, 1993) studies have demonstrated that there is 20-50% probability for the flame stretch to be negative. In the view of RANS methodology the average value of the flame stretch, Φ s , is expected to be predominantly positive and many modelling methods have been proposed in the past with this view. A summary of these studies is provided by Veynante and Vervisch (2002) and Cant (2011) .
It is well recognised that the scales involved in LES modelling are different from those involved in RANS. Thus, the contributions of the negative stretch can become important and must be considered appropriately in sub-grid scale (SGS) combustion models, as LES is becoming an attractive approach for combustion calculation because of its ability to capture unsteady phenomena in turbulent combustion. From Eq. (2) one observes that there will be three contributions to the filtered stretch rate; the first contribution comes from the filtered tangential strain rate part, the second contribution comes from the filtered curvature related term and the third contribution comes from the sub-grid scales. As Cant (2011) points out, it is convenient to combine the curvature term with the third, the flame propagation, term in the LHS of Eq. (1). Some models have been proposed in the past and can be found in Veynante and Vervisch (2002) and Cant (2011) . The aim of this study is not to develop new or improved models but to provide plausible physical reasoning for the origin of negative flame stretch. The focus is on the mixed mode combustion because of its practical relevance and importance, specifically for gas turbine combustion. This is achieved by analysing direct numerical simulation (DNS) data of a laboratory scale lifted turbulent jet flame (Mizobuchi et al., 2002 (Mizobuchi et al., , 2005 . The instantaneous and intermittent mixed mode nature of this lifted flame has been demonstrated in earlier studies (Mizobuchi et al., 2002 (Mizobuchi et al., , 2005 . Here, it is shown that the mixed mode combustion occurs even in an averaged sense.
Many DNS (Swaminathan and Grout, 2006; Chakraborty and Swaminathan, 2007a; Kim and Pitsch, 2007; Mura et al., 2008 Mura et al., , 2009 Chakraborty et al., 2009; Richardson et al., 2010; Chakraborty et al., 2010) and experimental (Hartung et al., 2008; Steinberg et al., 2012 ) studies of premixed combustion and stratified combustion (Malkeson and Chakraborty, 2011) have demonstrated that the reactive scalar gradient vector aligns with the most extensive principal component of the turbulent strain rate when the local heat release is strong. This is in contrast to the passive scalar physics where the scalar gradient is known to align with the most compressive component. This change in the alignment of scalar gradient with the principal strain rate results in a decrease of the scalar gradient in turbulent premixed flames. The rotation of principal strain planes due to dilatational effects might also be a possible cause for the decrease of scalar gradient when the heat release is moderate (Gonzalez and Paranthoën, 2011) . It is known (Swaminathan and Grout, 2006 ) that this alignment is directly related to the tangential strain rate part of the flame stretch in Eq. (2) and thus the negative stretch rate can result from a change in the scalar gradient alignment. The questions that are of interest to this study are, viz., (i) Is this alignment change solely responsible for the negative stretch rate or the curvature term in Eq. (2) plays a role as well? and (ii) What are their relative roles? The answers will have implications for SGS modelling of the flame stretch.
As it is clear from Eq. (2), the displacement speed, S d , magnitude must be taken into consideration while analysing the flame stretch and its components. The behaviour of S d in perfectly premixed flame has been studied extensively Im, 1998, 2000; Hawkes and Chen, 2005; Chakarborty and Cant, 2005) . However, it has received limited attention in partially premixed and stratified flames (Helié and Trouvé, 1998; Bray et al., 2005; Malkeson and Chakraborty, 2010) . The dependence of progress variable on mixture fraction yields additional contributions, which is written as (Bray et al., 2005 )
where Y i is the mass fraction of species i and
containing contributions from the chemical reaction rate and molecular diffusion as for the perfectly premixed flames. For the sake of clarity, it is noted that the displacement speeds defined in Eqs. (3) and (4) are not density weighted because there may be neither fully burnt nor unburnt mixtures across the flame surface in partially premixed combustion. Also, the flame surface may not be simply connected in partially premixed combustion because the reactant mixture is spatially and temporally inhomogeneous. The additional contributions for partially premixed flames come from three scalar dissipation rates defined as N ZZ = ρD(∇Z · ∇Z), N cz = ρD(∇c · ∇Z) and N cc = ρD(∇c · ∇c), where D is the molecular diffusivity which is taken to be equal for the progress variable and mixture fraction. This is acceptable since Eq. (3) is strictly valid when the molecular diffusivities of all the species are equal (Bray et al., 2005) . For non-equal difficulties Eq. (3) becomeŝ
These differential diffusion terms may be negligible in high Reynolds number flow and are neglected in this study. Malkeson and Chakraborty (2010) observed that the additional contributions from the dissipation rates were small while analysing their DNS data of turbulent planar stratified flames with initial mixture inhomogenity introduced in a direction normal to the mean flame propagation direction. The combustion kinetics of hydrocarbon flames was simulated using a single step reaction with activation energy and heat release depending on local equivalence ratio. The effect of mixture stratification in transverse direction has also been studied in turbulent (Anselmo-Filho et al., 2009 ) and laminar (Dold, 1989) flames, but its influence on the additional contributions in Eq. (3) has not been addressed yet. It has been noted in the past studies that the mixture stratification in the transverse direction yields triple flames (Kioni et al., 1993; Ruetsch et al., 1995; Plessing et al., 1998) . Also, the behaviour and contributions of these additional terms in the presence of significant flame curvature, complex chemical kinetics, differential diffusion effects and a wide range of local flow and mixture conditions are not investigated yet. Furthermore, their contributions to the flame stretch are yet to be studied. The DNS dataset of a laboratory scale lifted turbulent hydrogen flame simulated with detailed chemistry and transport offers a good opportunity to address these effects. Thus, the specific objectives are
• To study turbulence-scalar interaction and its influence on flame stretch in a turbulent lifted jet flame depicting mixed mode combustion in its averaged structure,
• To study the influence of partial premixing resulting from the jet entrainment on the displacement speed-curvature correlation, and
• To find physical reasons for negative values of surface averaged flame stretch, if it exists, in this mixed mode combustion.
This paper is organised as follows. The next section provides pertinent detail on the DNS data and its processing briefly. Results are discussed in section III and the conclusions are summarised in section IV.
DNS and data processing
Details of the DNS data used in this study can be found in Mizobuchi et al. (2002 Mizobuchi et al. ( , 2005 and thus only a brief discussion on attributes relevant for this study is given here. An experimentally investigated (Cheng et al., 1992 (Cheng et al., , 2007 turbulent lifted flame established above a hydrogen jet issuing from a round nozzle into quiescent air was simulated using direct numerical simulation methodology. The jet Mach number is 0.54 and its Reynolds number based on the nozzle diameter is 13,600. A schematic of this flow configuration is shown in Fig. 1a (to be discussed fully later) along with a typical instantaneous temperature field and the stoichiometric mixture fraction contour. The streamwise, y, and cross-stream distances are normalised by the nozzle diameter, D = 2 mm. The size of the computational domain was ±12.5D in the cross-stream directions and −2D to 20D in the streamwise direction. The domain is discretised using a non-uniform grid with a total of 200 million grid points. The DNS was considered (Mizobuchi et al., 2002 (Mizobuchi et al., , 2005 Ruan et al., 2012) to be well-resolved, with a uniform grid spacing of 0.05 mm within ±5D × 14.75D × ±5D. This grid spacing is about 2.5 times the Kolmogorov length scale close to ignition point in the experiment. The ratio between the stoichiometric laminar premixed flame thermal thickness and the DNS mesh resolution is about 10. The stoichiometric planar unstrained laminar premixed flame solution computed using the DNS grid is compared to the CHEMKIN solution with adaptive gridding in Fig. 2 . This suggests that the flame front structure is captured well and the DNS resolution is adequate to address the objectives of this study. Furthermore, this numerical resolution was verified to be sufficient to study scalar and velocity gradients related statistics by Ruan et al. (2012) . This DNS employed a chemical kinetics mechanism involving 9 species (including nitrogen as an inert species) and 17 reactions (Westbrook, 1982) . The transport properties depend on temperature and local species concentration. The flame lift-off height is about 5.7D from the nozzle exit in the DNS while it was 7D in the experiments of Cheng et al. (1992 Cheng et al. ( , 2007 . The comparison of flame brush structure, in terms of mean species mass fractions and temperature, obtained from the DNS to that measured was shown to be good by Ruan et al. (2012) .
Two data processing methods have been used in this study. The first one is similar to a RANS-type of averaging detailed in Ruan et al. (2012) in order to investigate mean flow and flame quantities. The scalar gradients are first calculated by a central difference scheme. The statistics in a given cross section at streamwise location is constructed by splitting the cross section into a number of concentric rings as shown in Fig. 1b and the symbols ∆, B1 and C1 will be explained later. The radial distance R = √ x 2 + z 2 is measured from the jet centre-line (R = 0). All the sample points in a particular ring of width dr are averaged, as has been done by Ruan et al. (2012) to obtain a mean value as
where Q is the quantity of interest, N t (=146) is the number of sampling over a period of 0.09 ms and N is the total number of data points in a particular ring of width dr for one instant. In this study the time and spatial averaging are combined to increase the sample size for statistical accuracy since the flow and flame have reached statistically stationary state. This has been verified by Ruan et al. (2012) by increasing the sampling period by nearly 3 times and reconstructing appropriate statistics. Sensitivity of these statistics to the ring width dr has also been tested and it was observed to be small. Thus the results reported in this study are for dr = 2dx unless specified otherwise. Statistical convergence of the results presented in this study has also been verified by increasing the sample size and sampling duration (Ruan et al., 2012) . Although the sample size in this ring averaging method varies with radius, it increases very quickly; the sample contains more than 14,000 data for R/D = 0.2 which is expected to provide meaningful statistics. The region of interest where significant reactions occur are located mostly at R/D > 1.0 and thus the sample size is sufficiently large. For the centreline values, 969 DNS data samples over 0.5 ms are ensemble averaged to obtain the required statistics. The above method is also used appropriately to obtain Favre averaged quantities. The second method is similar to LES-type filtering using a box filter in physical space. In this method, one single ring is split into 72 evenly distributed arc sections and this is expected to reduce the sample size. Thus, to maintain the statistical accuracy and convergence the ring width is increased to 6dx and samples in 5 consecutive time steps are combined to get flame surface density and surface averaged quantities required for flame stretch calculation. The typical arc width, ∆, is marked in Fig. 1b for two arbitrary locations, B1 and C1, chosen for analysis. These two locations are not at the same streamwise, y, distance from the nozzle exit; B1 is on the plane B-B marked in Fig. 1a and C1 is on the plane C-C. These two locations are also marked in Fig. 3 , to be discussed later, as black circles to indicate their relevance with respect to the averaged temperature and OH mass fraction. The filter widths, radial positions and other relevant scales at these two locations are given in Table 1 . The laminar flame thermal thicknesses are calculated using a hydrogen-air mixture with a value of mixture fraction, Z, equal to the Favre averaged values at these locations. The turbulence scales are estimated using the Favre averaged turbulent kinetic energy and its dissipation rate at these locations. There is no significant change in the turbulence scales at these two locations due to the contributions from shear generated turbulence. Ideally one would like to have ∆ ≤ Λ, which is satisfied at C1. The conditions at B1 gives
The statistics presented in section 3.5 for the locations B1 and C1 are constructed using the second method of data processing described above.
In this study, the mixture fraction is calculated using (Bilger, 1988) 
where the molecular weights are W O 2 = 32 and W H 2 = 2, ξ i is the mass fraction of element i and Y O 2 ,air = 0.244 is the mass fraction of O 2 in air with 22% O 2 and 78% N 2 by volume. This definition gives Z st ≈ 0.03 for the stoichiometric mixture fraction. The mass diffusivity, D, of Z is calculated with a mass weighted individual species diffusivity
The progress variable c depends on Z in partially premixed flames and is defined in this paper using the product mass fraction
where Y Eq H 2 O (Z) is the equilibrium value corresponding to the local mixture fraction Z. The mass diffusivity of this c is equal to D H 2 O . The progress variable can also be defined using hydrogen mass fraction, which was observed to be similar to that based on H 2 O as has been shown by Ruan et al. (2012) for this turbulent flame.
Results and Discussion
In this section the global mean flame and flow quantities are discussed first followed by an analysis of the scalar-turbulence interaction in the lifted flame. The contributions of additional terms arising due to partial premixing in displacement speed expression is investigated and then the correlation of the displacement speed with flame curvature is examined. These behaviours are then linked to the negative values of surface averaged flame stretch observed in this flame. After presenting these statistics in the RANS view, temporal evolution of local flame surface density, tangential strain rate, curvature related quantities and the flame stretch are probed at the two arbitrarily chosen locations, B1 and C1 to shed light on how the local flame stretch is influenced by the scalar-turbulence interaction and the displacement speed-curvature correlations. Figure 3 shows the mean temperature and OH mass fraction fields along with iso-lines of Z. The stoichiometric mixture fraction line is shown by the solid line. The mean values are obtained using Eq. (6). The peak mean OH values corresponds to the peak mean temperatures as one would expect and these peak locations are in the neighbourhood of the stoichiometric mixture fraction. Also, these averaged fields show that the flame lift-off height is about 5.7D. Although these averaged temperature, OH and mixture fraction fields suggests a diffusion flame type structure (high T , Y OH near Z st ) in a mean sense, a detailed analysis of instantaneous reaction rate and structure of reactions zones suggests a predominantly premixed type combustion with varying equivalence ratio and occasional diffusion flame island occurring at downstream locations (Mizobuchi et al., 2002 (Mizobuchi et al., , 2005 Ruan et al., 2012) .
Flame brush attributes
The presence premixed and nonpremixed modes of fuel consumption can be identified by plotting the fuel consumption rate and the flame index together. The flame index defined (Yamashita et al., 1996) as
is negative for non-premixed mode since the hydrogen and oxygen are diffusing from the opposite directions. This index is positive for premixed mode because the fuel and oxidiser gradients are aligned with one another. Hence, the non-premixed and premixed regions can be demarcated using the FI = 0 contour. It must be noted that FI can be zero in regions with no combustion and thus its use in conjunction with reaction rate is more useful. Such an analysis has been performed in earlier studies (Mizobuchi et al., 2002 (Mizobuchi et al., , 2005 using this DNS data suggesting the presence of inner cone of rich premixed flame and outer diffusion flame islands in instantaneous images. Figures 4a to 4c depicting color maps of the instantaneous fuel consumption rate and, FI = 0 and Z st contours show the above arrangement of rich premixed and diffusion flames. The FI contour is shown only for the region 2D ≤ |x| ≤ 7D in Fig. 4a and 4b for clarity. If one plots this contour for the entire range of x then they will be very crowded near the central region and will be similar to that shown by Yoo et al. (2009) in their figure 11. Also, one observes that the diffusion mode of fuel consumption occurs in isolated islands on the outer side of the jet in downstream region and this extends to y = 5.5D in instantaneous images shown in Fig. 4a and 4b. Although the above arrangement of premixed and diffusion flames in the lifted flame has been reported earlier (Mizobuchi et al., 2002 (Mizobuchi et al., , 2005 , this result is shown here only for the sake of completeness. These premixed and diffusion flames are observed to be highly intermittent as noted by Mizobuchi et al. (2002 Mizobuchi et al. ( , 2005 . Hence, the averaged image may portray a different picture and this averaged image is shown in Fig. 4d . The triple flame feature present at the flame-base in instantaneous snap-shots are not seen in the averaged image and the predominant fuel consumption is through rich premixed combustion with varying equivalence ratio. There is also lean premixed combustion, which is signified by 0.006 ≤ω H2 ≤ 0.013 for Z < Z st and FI > 0 in the averaged image shown in Fig. 4d . The predominant rich premixed mode at the base is preceded by a moderate reaction zone with Z > Z st and FI < 0. The negative value of FI suggests a nonpremixed combustion but the mixture fraction contour suggests a contrary. Thus, this particular reactive region having an area weighted mean rate of about 15% of the maximum reaction rate seen in Fig. 4b results from the highly intermittent diffusion and rich premixed branches of the triple flame structure at the flame-based observed in Figs. 4a and 4b. From these results one notes that the premixed and non-premixed modes coexist in the flame brush for y ≥ 10D and the predominant fuel consumption is through the premixed combustion with varying equivalence ratio. The presence of nonpremixed mode at the base of the flame brush is unclear and the premixed mode is observed to be dominant. Hence, it is clear that this lifted flame involves mixed mode combustion even in an averaged sense.
The three axial positions chosen for further analysis of this flame with mixed mode combustion are marked in Figs. 1 and 3. The position A-A is close to the flame-base and the location B-B is selected because experimentally measured flame brush structure is available for validation as has been discussed by Ruan et al. (2012) . The location C-C is the most downstream position, where the grid is uniform and occasional diffusion flame islands are observed in the instantaneous fields (Mizobuchi et al., 2005; Ruan et al., 2012) (also see Fig. 4 ). The radial variation of Z and c at these three axial positions is shown in Fig. 5 . The centreline value of Z decreases with downstream position as one would expect. The Favre mean progress variable increases from the centreline and then drops gradually after reaching a peak value. The increase is due to the formation of H 2 O in the flame brush and its diffusion towards the jet centre. Thus, the centreline value of c increases as one moves in the downstream direction. The drop in c after reaching a peak value in the radial direction is due to the mixing of combustion product with the quiescent air. One can also observe that the peak value of c shifts radially outward from the position A-A to C-C. The variation of c in Fig. 5 also suggests that the flame brush thickness increases in the downstream direction. All of these general behaviours are as expected for the flow and flame configuration considered in the DNS.
The stoichiometric mixture fraction value is Z st = 0.03 and, the lean and rich flammability limits (Law, 2006) are respectively Z l = 0.005 and Z r = 0.175 for the hydrogen-air mixture used in the DNS. If the combustion occurs predominantly in non-premixed mode then the peak c would be roughly around Z = Z st , which is not one observes in Fig. 5 . The peak location is on the lean side for the position A-A suggesting a lean premixed combustion mode. For the downstream locations the peak is broad and covers a significant portion of the flammability range suggesting partially premixed mode -rich, stoichiometric and lean premixed with non-premixed combustion. These observations are consistent with the insights obtained from Fig. 4 and lends further support to call this flame as partially premixed flame. The rich partial premixing in the downstream of the flame-base is caused by the entrainment of surrounding air and the leakage of oxygen through the reaction zones in the flame stabilisation region (Mizobuchi et al., 2002 (Mizobuchi et al., , 2005 . The diffusion flame islands in the downstream regions are formed due to the radial diffusion of hydrogen from the inner rich premixed cone and the radially entrained air. The leakage of oxygen in the radially entrained air through the diffusion flame and those coming through the flame-base establishes premixed flames of varying equivalence ratio at downstream regions. The oxygen leakage through a laminar H 2 -air diffusion flame is verified using CHEMKIN. The oxygen leakage in hydrocarbon flames is well known (Smooke and Givangoli, 1991) and hence it is likely that the mixed mode combustion as noted above can be seen for hydrocarbons as well. Some evidence for this can be seen in figure 11 of Luo et al. (2012) who investigated autoigniting ethylene jet in a hot coflow. Thus, the occurrence of mixed mode combustion in a lifted flame is not fuel specific and this generic feature is one of the important characteristics of turbulent lifted flame.
Turbulence-scalar interaction
The tangential strain rate a T in Eq. (2) has been shown to relate closely to the turbulencescalar interaction process, which is signified by the inner scalar product of scalar gradient vector and turbulent strain tensor (Swaminathan and Grout, 2006) . This is written as
The radial variation of these three terms, normalised using the stoichiometric unburnt mixture density, ρ u,st , and its flame time Fig. 6 for the three axial locations. The mean scalar and velocity gradients terms, T 31 and T 33 respectively, are small and the dominant contribution comes from the triple correlation T 32 . This quantity shown in Fig. 6 is little noisy because of the sample size available for averaging. However, increasing the sample size by increasing the ring width does not unduly change the results, specifically the positive and negative contributions. Thus, these contributions are physical and not due to insufficient sample size. The T 32 term is positive in general implying the generation of the iso-scalar surface area by turbulence. The negative values imply that T 32 dissipates the surface area as has been observed in previous DNS studies of turbulent premixed (Swaminathan and Grout, 2006; Chakraborty and Swaminathan, 2007a,b; Kim and Pitsch, 2007) and stratified flames (Malkeson and Chakraborty, 2011) . However, the negative values are seen for narrow regions in Fig. 6 . This dissipation is because the heat release effects are stronger than the turbulence processes (see Fig. 3 showing high temperature in these regions).
The RMS (root-mean-square) value of turbulent velocity fluctuations may be used as an indicator for the local turbulence level and the laminar flame speed may be compared to this RMS value to understand relative roles of heat release and turbulence processes. One must also bear in mind that the local flame speed can vary significantly in partially premixed flames since the local mixture fraction value can change. Figure 7 shows the radial variation of the RMS velocity normalised by the laminar flame speed for the local Favre mean mixture fraction value. The RMS velocity is calculated using U 2 rms = 2 k/3, where k is the Favre averaged turbulent kinetic energy at the given location. By comparing Figs. 6 and 7 it is clear that the RMS velocity and laminar flame speed are of the same order, more precisely the normalised RMS velocity is smaller than five, in the regions of negatives T 32 , specifically for R/D ≈ 3 at the location B-B and R/D ≈ 4 at the location C-C. Although U + rms is about three at R/D ≈ 2 for the location A-A, there is no strong heat release at this location as one observes in Figs. 1 and 3. Since it is the flame-base, the turbulence effects dominate resulting in the generation of iso-scalar surface area.
To further understand T 32 , it is written using the eigenvalue decomposition as (Swaminathan and Grout, 2006; Chakraborty and Swaminathan, 2007a,b; Kim and Pitsch, 2007; Malkeson and Chakraborty, 2011 )
where α > β > γ are the eigenvalue of the symmetric turbulent strain tensor e i j = 0.5(∂u i /∂x j + ∂u j /∂x i ), with α as the most extensive and γ as the most compressive principal strains. The angles between the scalar gradient vector and the eigenvector i is denoted by θ i . The sign of T 32 is determined by the predominant alignment of the scalar gradient with the principal direction, which determines the characteristics of the scalar-turbulence interaction. The T 32 will be positive or negative if the predominant alignment is with the γ or α strain respectively.
The pdfs of direction cosines are shown in Fig. 8 for α and γ strains at various radial and axial positions in the lifted flame investigated here. In general, alignment with the most compressive strain is observed for almost all the locations shown except for R/D = 3 at B-B and R/D = 4 at C-C. An alignment with the most extensive strain is observed for R/D = 3 at the location B-B where T 32 < 0 as noted earlier. However, there is no clear preferential alignment at R/D = 4 for the location C-C although negative T 32 was observed for this location. A careful and thorough analysis of the DNS data at this location indicates that the flame fronts are intermittent (see Fig. 4 ) and thus this orientation statistics may be biased. However, one must note that the sign of T 32 is also influenced by the relative magnitude of α and γ in Eq. (11) and it is apparent from the behaviour of T 32 in Fig. 6 that the magnitude of α is larger than γ at R/D = 4 for the location C-C. This position is marked as C1 in Fig. 3 and we shall investigate, in section 3.5, the temporal variation of flame stretch, flame surface density, tangential strain rate and curvature related term at this position for a closer understanding.
In order to address the objective on the negative flame stretch, one must also study the curvature related term in Eq. (2), which involves the iso-surface displacement speed. As noted earlier, the role of additional contributions to the displacement speed need to be investigated first before studying the curvature-displacement speed correlation in partially premixed flames. Bray et al. (2005) discussed the additional contributions due to partial premixing and wrote the displacement speed in Eq. (3) as
Partial premixing influence on displacement speed
where S 
for Y i = Y H 2 O iso-surface. The additional contributions include chemical kinetic effect and the turbulent mixing at small scales. The chemical kinetic effects come through the first and second derivatives in the mixture fraction space and the small-scale turbulent mixing is felt through the scalar dissipation rates, N ZZ and N cZ . The chemical kinetic terms are shown in Fig. 9 , by plotting the variation of Ψ = Y Eq H 2 O , Ψ = dΨ/dZ and Ψ with Z. Note that the values are scaled appropriately to fit within the range shown in this figure. These values are obtained by performing equilibrium calculations by allowing the species involved in the chemical kinetic mechanism used in the DNS to be present in the equilibrium mixture. The burnt side values of these species in freely propagating adiabatic planar laminar flames are also used to verify the equilibrium values. As one would expect, large changes in Ψ and Ψ are close to the stoichiometric value, Z st = 0.03. The first derivative is positive for Z < 0.04, zero for Z = 0.042 and approaches a value of about -0.275 for Z > 0.07. The second derivative is negative reaching a peak at Z st and approaching zero for Z < 0.015 and Z > 0.05 and thus the additional contribution of B * will be significant only in this narrow range around the stoichiometry. Also, the second derivative is nearly 100 times larger than the first derivative and thus the contribution of B * is expected to be larger than A * . The contribution of A * is expected only for Z < 0.042 and this will be compounded by the cross dissipation rate behaviour and its magnitude. Ruan et al. (2012) have shown that the cross dissipation rate is an order of magnitude smaller than the mixture fraction dissipation rate and thus the combined contributions of chemical kinetics and mixing through A * is expected to be negligible. The above observations have been confirmed by calculating the gradient weighted averages of the displacement speed, S * d , and its components, and the results are shown in Fig. 10 as the radial variation of these quantities for the three axial locations, A-A, B-B and C-C. In general S 0 d s is positive and contributes predominantly to the total displacement speed, S * d , which is also positive. The contributions of A * can be both positive and negative and it is an order of magnitude smaller than S 0 d for the reasons noted above. Thus, it can be neglected from further consideration. The contribution of B * is negative and mainly around the stoichiometry. Its relative importance increases at downstream locations; a contribution of about 40% can be observed for the location C-C, which is consistent with previous DNS studies (Helié and Trouvé, 1998) . The increased contribution at downstream location is because of the presence of diffusion flame islands and the form of B * in Eq. (14), the second derivative in the mixture fraction space multiplied by the mixture fraction dissipation rate, clearly notes that this contribution is from nonpremixed combustion mode. However, it is worth noting that Bray et al. (2005) did not distinguish premixed or nonpremixed combustion modes from one another while developing Eqs. (3) to (14). Although the displacement speed concept for a fully non-premixed combustion may be less relevant, Eq. (14) represents the contribution of non-premixed mode to the instantaneous reaction ratė ω * c = ρ |∇c| S * d of the progress variable c in the partially premixed combustion. This view helps one to develop a simple modelling framework for mixed mode combustion.
The effects of partial premixing is seen only near the mean stoichiometric isosurface as suggested by the results in Figs. 9 and 10. The relative importance of these effects is influenced by the extent of partial premixing, which is typically quantified by the ratio of the RMS of mixture fraction fluctuation to its mean value, Z rms / Z, the amount of heat release and turbulence intensity. The value of the heat release parameter is about 7 and stratification level is typically larger in the current DNS than in many previous studies; for example, Z rms / Z ≈ 0.6 and U 
Displacement speed-curvature correlation
The effects of partial premixing has been shown to decrease the total displacement speed in general for this flame (see Fig. 10 ). Now, we like to examine its effect on S * d -curvature correlation since the flame stretch involves this as shown by Eq. (2). The pdf of curvature normalised using the thermal thickness of a planar unstrained laminar flame with the mixture fraction value equal to Z at a given position, ie.,
, is shown in Fig. 11 for several radial and axial positions. Since the position A-A is close to the base, the curvature pdf at this location is shown only for comparison. The pdfs show long positive or negative tail for some locations. The positive tail is seen near the flame-base and the negative tail is observed for a downstream location, which are purely due to the flame geometry. Nevertheless the mean curvature is close to zero in general as has been observed in many earlier studies.
The joint pdf of the curvature and the displacement speed, P(K
, is shown for few radial and axial locations in Fig. 12 . The displacement speed is normalised using the laminar flame speed S 0 L corresponding to the local Z for a given position. Since the interest is to study the negative flame stretch, the locations for these joint pdfs are chosen to be inside the flame brush so that the laminar flame speed is non-zero, rather the Favre averaged mixture fraction value is well within the flammability limits of the hydrogen-air mixture (cf. Fig. 12 are -0.22, -0.04, -0.32 and -0.37 respectively for R/D = 2 and 3 at B-B, and R/D = 2 and 3.75 at C-C locations. It is apparent that this correlation is negative even for this partially premixed flame. This negative correlation is consistent with previous studies on turbulent premixed (Gran et al., 1996; Im, 1998, 2000; Hawkes and Chen, 2005; Chakarborty and Cant, 2005) and stratified (Malkeson and Chakraborty, 2010) flames. The instantaneous flame surface with positive curvature can have negative displacement speed as noted by Gran et al. (1996) which is also seen in this flame. It is worth noting that Gran et al. (1996) considered premixed combustion of stoichiometric methane-air mixture while this study considers mixed mode combustion in a turbulent lifted hydrogen jet flame.
The S * d -K m correlation becomes more negative as one moves radially outwards for a given axial location, except for the flame-base (A-A location). This change is signified by the shift of the mean S * d value away from the value of S * d for which the pdf peaks. This is because of increased chemical activity resulting in increased reaction rate as indicated by the mean temperature and OH mass fraction fields in Fig. 3 . To elucidate the effect of partial premixing on this correlation, the joint pdf, P(K
, after excluding the additional contributions from the partial premixing is shown in Fig. 13 for R/D = 3.75 at the position C-C. This particular position is chosen for this because of the significant contribution of B * to the total displacement speed as shown in Fig. 10 . The overall pattern of the joint pdf in Fig. 13 is very similar to that of P(K
in Fig. 12 and since the partial premixing acts to decrease S * d , the negative correlation is strengthened by excluding the partial premixing contributions. The value of correlation coefficient decreases to -0.43 from -0.37 when the partial premixing terms are excluded. At other positions with small contributions from the partial premixing, the joint pdfs, P(K
, remain similar with almost no change to the correlation coefficient noted earlier. This was also noted by Malkeson and Chakraborty (2010) for stratified flames.
To summarise, the effects of partially premixing on the displacement speed is nonnegligible at downstream positions and they act to reduce the negative correlation between the displacement speed and curvature. Also, these effects do not influence the alignment characteristics of the progress variable gradient with the principal strain directions observed for turbulent premixed flames. Next, we like to consider the question on negative flame stretch, ie., can Φ s in Eq. (1) 
Flame Surface Density and flame stretch
As noted in Eq. (2), the behaviour of the flame stretch Φ depends on both a T and 2S d K m . The pdf of flame stretch computed using Eq. (2) is shown in Fig. 14 for few radial and axial locations. The flame stretch is normalised using the flame time of stoichiometric premixed unstrained planar flame, ie.
The locations chosen are within the flame brush and they are for T 32 > 0, R/D = 2 and 2.5 for axial locations B-B and C-C respectively, and T 32 < 0 R/D = 3 and 4 respectively for the B-B and C-C locations (see Fig. 6 ). The pdf peak is near zero which does not imply that the mean is zero. The pdf shows a long positive tail for locations with T 32 > 0 whereas for locations with T 32 < 0 the pdf has a long negative tail. Just to remind ourselves, T 32 > 0 implies the generation of FSD and T 32 < 0 implies the destruction of FSD by turbulence straining.
In general, the instantaneous flame stretch is both positive and negative as has been noted in many earlier studies (Rutland and Trouvé, 1993; Bray and Cant, 1991; Chen and Im, 1998; Nye et al., 1996; Renou et al., 1998; Kostiuk and Bray, 1993) . However, these studies suggested that there is 50% or less probability for the flame stretch to be negative and this probability can be calculated by integrating the pdf shown in Fig. 14 from −∞ to 0. These integrated values are 0.44 and 0.57 respectively for R/D = 2 and 3 at the axial position B-B. This integral takes a value of 0.41 and 0.6 respectively for R/D = 2.5 and 4 at the axial position C-C. These integral values for locations with T 32 > 0 are in general agreement with observations made in earlier studies. However, this probability larger than 50% is observed for locations with T 32 < 0, where the progress variable gradient predominantly aligns with the most extensive strain. These large probabilities for negative flame stretch are bound to yield negative mean value. Figure 15 depicting the radial variation of normalised surface averaged flame stretch, Φ 
Physically, this implies that the turbulence-scalar interaction effect is stronger than the dilatation effect on the flame stretch, suggesting that the flame stretch due to turbulent straining can be negative if the scalar gradient vector aligns with the most extensive principal strain as has been observed in this study (see Figs. 8, 14 and 15) . Further evidences are provided later while discussing Fig. 17 To elucidate the above observation, one writes Eq. (1) as
after some simple rearrangement. It is worth noting that the second term in the right hand side of Eq. (15) is (d(δ V)/dt)/δ V as shown by Candel and Poinsot (1990) where δ V is the elemental fluid volume following the flame element and thus, this term is positive. The role of the alignment characteristics can be seen by writing the above equation, after using Eq. (2), as
It is to be noted that S d = S * d for the above equations. The following observations are made using the second line of Eq. (16): 1. For a material surface S d = 0 and the alignment is known to be with γ strain and thus dΣ/dt = |γ| s Σ resulting in an exponential growth of the surface density. This is well known from numerous studies in the past.
2. For a propagating passive surface with a constant displacement speed, one observes the exponential growth of Σ with t as for the material surface. This growth due to turbulent straining has also been noted while analysing G equation closure (Peters, 1999) and turbulent flame speed analysis (Kerstein, 1988) . It is known that constant S * d leads to the possibility of cusp formation resulting from possible self intersection of the surface (Pope, 1988; Chen, 1994, 1998) .
The surface density transport equation is known to be singular when the surface interactions occur (Pope, 1988; Kollmann and Chen, 1998) and the above analysis does not hold. When the molecular diffusion is present, which is so in real situations, the displacement speed is less likely to be constant (see Eq. 4) and the possibility for the cusp formation is reduced and Σ will not grow exponentially.
3. For high Damkohler number premixed flames with unity Lewis number one gets dΣ/dt = −α s Σ since the scalar gradient alignment is expected to be with the most extensive strain. This leads to the loss of FSD. This effect is not included in the FSD models proposed in past studies. The turbulence effects dominate in regions with small heat release and thus one observes the growth of Σ for these regions. These effects are compounded by the response of the displacement speed to the curvature in non-unity Lewis number flames (Bradley, 2002) .
4. The balance of contributions from T 1 and T 2 determines the temporal variation of Σ as per Eq. (16) in mixed mode combustion. If one presumes a flamelet type combustion in these flames then T 2 can be shown to be
/|∇c| s . Now, one realises the role of the cross dissipation on the surface averaged flame stretch in the mixed mode combustion.
The contributions of T 1 and T 2 can be obtained from the DNS data, however one must recognise that it is not straight forward to calculate dΣ/dt following a flame element. Before discussing the results on these two terms, let us first study temporal variation of Σ at locations B1 and C1, which are inside the flame brush as in Fig. 3 . This and other statistics presented in this section for these two locations are constructed following the second method of data processing described in section 2.
The FSD in Eq. (1) can be calculated directly from the DNS data using (Pope, 1988 (Pope, , 1990 Vervisch et al., 1995) 
where P is the marginal pdf of c. The variations of c at the two locations B1 and C1 over the sampling period yield the Favre RMS values less than 5%. Strictly, one must do conditional averaging as per Eq. (17). Since the variation of c at these two locations are small and the sample size is insufficient to construct the conditional mean, the FSD values are calculated by averaging over the sampling period and these values are taken to be for single c * value, which is about 0.89 for B1 and 0.93 for C1. Fig. 16a for the two locations, B1 and C1, inside the flame brush. Just to recall, these two particular positions are chosen because of the preferential alignment of the scalar gradient with the most extensive principal strain rate as noted in Fig. 8 . The time in Fig. 16 is normalised using the eddy turnover time at B1, calculated as k 3/2 / ε with the Favre averaged turbulent kinetic energy, k, and its dissipation rate, ε, obtained over the period marked with a small rectangle in Fig. 16a . The horizontal axis on the top side of this figure indicates the time normalised using the eddy turnover time at the location C1. The initial sharp drop of Σ + for the location B1 and its sharp rise at about t = 1 for the location C1 might be due to initial numerical transient in the simulation since the 200 million grid simulation used in this study was started using the results of a simulation with 23 million grid points used by Mizobuchi et al. (2002 Mizobuchi et al. ( , 2005 In order to minimise the effects of initial transients, the period marked with the small rectangle is chosen for the analysis of negative flame stretch.
A close-up view of the temporal variation of Σ + for the chosen period of analysis is shown in Figs. 16b for the location B1 and 16c for the location C1. The temporal derivative, T + = (∂Σ + /∂t + )/Σ + , is also shown. This quantity takes both positive and negative values and its negative value is of interest here. As noted earlier, computing the Lagrangian derivative is not easy and thus the Eulerian frame is chosen for further analysis. By simply rearranging Eq. (1) one writes
In this expression, the convective term is a transport term since it appears as a divergence and thus the behaviour of T + has direct bearing on the behaviour of the flame stretch Φ in Eq. (16), shown in Fig. 17 suggests that its contribution is small for the conditions of the flame analysed here. The variation of equivalence ratio at the location B1 is very small but for the location C1 it varies in the range 0.83 ≤ φ ≤ 1.52. Despite this large variation, the small contribution of T + 2 for this location is because of small cross dissipation rate (non-alignment of ∇c and ∇Z).
It is expected that the balance of various source and sink terms similar to that shown here to hold appropriately if one moves the observation window to another instant (see Fig. 16a ). From the results shown in Fig. 17 , it is apparent that the bulk of the negative values of the surface averaged flame stretch results from the curvature related term. However, there are instances with the curvature related term is close to zero and negative values for the turbulent straining. Earlier studies on turbulent premixed flames showed that the mean of turbulent straining is positive and results in positive flame stretch. Here, the negative stretch due to turbulent straining is observed in the mixed mode combustion. The partial premixing is observed to reduce the negative correlation between the displacement and curvature in subsection 3.4 and thus one can infer that the contribution of turbulent straining to the negative flame stretch is enhanced in the mixed mode combustion.
Conclusion
DNS data of a turbulent lifted hydrogen jet flame, simulated by Mizobuchi et al. (2002 Mizobuchi et al. ( , 2005 , has been analysed to shed physical insight on the behaviour of flame stretch dynamics and its relation to other physical processes, in particular, the turbulence-scalar interaction and partial premixing effects. This lifted flame is a good example for mixed mode combustion since the fuel is mixed with quiescent air by the jet entrainment and turbulence processes in the near field of the fuel jet. This mixing process is unsteady creating spatio-temporally inhomogeneous mixture resulting in mixed mode combustion. A combined analysis of instantaneous fuel consumption rate and flame index suggests the coexistence of premixed and non-premixed combustion modes as has been observed by Mizobuchi et al. (2002 Mizobuchi et al. ( , 2005 . However, the averaged fuel consumption rate and flame index demonstrates that the premixed combustion with variable equivalence ratio is predominant and non-premixed combustion occurs only in a narrow region at the edge of the jet shear layer as shown in Fig. 4 .
The mixed mode combustion can be modelled by combining contributions from non-premixed and premixed flamelets appropriately as has been done by Domingo et al. (2002) . The FSD based approach is popular approach for premixed combustion and this approach need closure models for the flame stretch. The flame stretch includes contributions from the displacement speed-curvature correlation and tangential strain rate induced by turbulence. These quantities are analysed using the DNS data in this study. The displacement speed-curvature correlation is observed to be negative in this mixed mode combustion, which is consistent with previous studies. The effects of partial premixing on this correlation is observed to be non-negligible and they act to reduce this negative correlation. Both positive and negative mean flame stretch have been observed in this study. The usual positive mean flame stretch results from strong positive contribution from the turbulent straining (a T , see Eq. 2) and the negative values for the mean flame stretch is observed when the turbulent straining contribution is negative. This negative contribution is shown to result from the alignment of the scalar gradient (flame normal) with the most extensive principal strain rate, which dictates the turbulence-scalar interaction dynamics. This negative contribution to the mean flame stretch has also been elucidated through a simple analysis of the FSD transport equation. The partial premixing seem to enhance the contribution of turbulent straining to the negative flame stretch by reducing the negative correlation between the displacement speed and curvature. These observations have implications for SGS combustion model development and the currently available models do not cater for the negative values of surface averaged flame stretch observed in this study. The modelling avenues to include these effects in SGS combustion model will be explored in future studies. The variation of Σ + over the entire simulation period is shown in (a) for the two locations. The time is normalised using the eddy turn over time at B1 and the time for the top x axis of (a) is normalised using the eddy turn over time at C1. 
